Abstract. Urban greenery is a natural solution to cool cities and provide comfort, clean air and significant social, health and economic benefits. This paper aims to present the latest progress on the field of greenery urban mitigation techniques including aspects related to the theoretical and experimental assessment of the greenery cooling potential, the impact on urban vegetation on energy, health and comfort and the acquired knowledge on the best integration of the various types of greenery in the urban frame. Also to present the recent knowledge on the impact of climate change on the cooling performance of urban vegetation and investigate and analyse possible technological solutions to face the impact of high ambient temperatures.
Introduction
Urban overheating is the most documented phenomenon of climate change. Because of the positive thermal balance, the ambient temperature in cities is several degrees higher that the temperature of the surrounding suburban or rural areas. Higher urban temperatures seriously increase the cooling energy consumption of buildings, the heat related mortality and morbidity, the generation of air pollutants, the indoor and outdoor thermal discomfort and overall footprint of cities (Akbari et al. 2016; Santamouris 2014a Santamouris , 2014b Santamouris , 2015 . To counterbalance the impact of higher ambient urban temperatures, various mitigation technologies have been developed and implemented in numerous cities. Among other technologies, greenery, reflective materials, the use of evaporative systems and thermal components coupled with cool sinks, like the ground, are the most accepted and implemented systems (Lontorfos et al. 2018) .
Invited Review
The use of greenery in the built environment provides cooling through evapotranspiration and shading. The cooling potential of urban greenery when applied on individual buildings is very well studied and documented. In a similar way, many studies have evaluated the cooling impact of vegetation in cities (e.g. Hamada, Ochta 2010; Bowler et al. 2010) , with a significant contribution to the literature. However, the new knowledge on the topic recently made available is quite fragmented. In response to the major scientific challenges like urban expansion, overpopulation, climate change and poverty, recent scientific research has developed and proposed innovative solutions, has enriched information and has provided new knowledge on several issues related to the capacity of greenery to mitigate urban heat. These include the monitoring and evaluation of the greenery's mitigation potential, the optimum integration of greenery in dense cities, with the selection of more efficient vegetation species and the enhancement of the synergetic operation between vegetation and the other mitigation technologies. Another relevant recent expansion of the literature concerns the identification and quantification of the energy and health benefits and the evaluation of the impact of greenery on comfort, air quality, carbon and water cycles. Finally, much research has provided insight in the physiological response of vegetation under extreme heat events, and the development of genetically modified trees to respond to climate change.
Based on a comprehensive analysis of the recent research on the cooling capacity of urban greenery, we have identified four principal research axes along which important progress has been achieved and merits to be reported, namely:
Assessing the mitigation potential of urban greenery, involving research on: a) influence of urban green area on air temperature of surrounding built-up area; b) the influence of small urban green areas; c) the cooling potential of urban greenery through ventilation; d) the challenge of assessing the mitigation performance of greenery in combination with other technologies; and e) new monitoring methods and techniques focusing on the capacity and the contribution of earth observations and remote sensing techniques to assess the mitigation potential of greenery.
Progress on greenery selection, plant configuration and urban morphology, including research on: a) the possible enhancement of the cooling potential of vegetative species with foliage presenting high solar reflectance; b) the performance of urban greenery in mitigating urban heat island in high-density cities: plant configuration and urban morphology, and c) the development of environmental assessment tools to evaluate the mitigation potential of vegetation.
Assessing the impact of urban greenery on energy and wellbeing, involving research on: a) the energy consumption of buildings and the quantification of the associated energy savings at the city scale; b) human health and the evaluation of the thermal and non-thermal health benefits; c) the local microclimate, emissions and air quality, and the potential negative impacts of greenery in the built environment; d) outdoor thermal comfort and the quantification of the carbon and water footprint of urban greenery.
Using greenery under extreme climatic conditions, including research on: a) the influence of irrigation on the mitigation potential of greenery and the impact of a possible adoption of drought-tolerant vegetation in cities; b) the transformation of the greenery physiological operation and the corresponding cooling mechanisms; c) the development of genetically engineered trees able to operate under very high ambient temperatures to face climate change.
The present article aims to analyze and report the main achievements and the scientific progress along each of the above-mentioned research branches, and to investigate their potential synergies and propose coordination activities for future research. In the following, we report the progress achieved in the previously identified research axes. In Chapter 1 we analyse the new developments about the assessment of the mitigation potential of urban greenery. Section 1.1 presents and discusses new studies focusing on the influence of urban green zones on the temperature of the surrounding built areas, while Section 1.2 analyzes the climatic impact of small urban green areas. Section 1.3 focusses on the cooling potential of urban greenery through ventilation, and Section 1.4 discusses how to assess the cooling performance of urban greenery when combined with other mitigation technologies. Finally, Section 1.5 presents recent developments related to the use of remote techniques to assess the cooling capacity of vegetation.
Chapter 2 reports the progress achieved on greenery selection, plant configuration and urban morphology. In particular, Section 2.1 presents the possible enhancement of the cooling potential of vegetative species with high solar reflectance, while Section 2.2 discusses the pperformance of urban greenery in mitigating urban heat island in high-density cities.
Chapter 3 reports recent knowledge on the impact of urban greenery. In particular, Section 3.1 focusses on the energy impact of vegetation and Section 3.2 on the non-thermal health benefits of urban greenery. Section 3.3 analyses the impact of vegetation on the local microclimate, emissions and air quality, while Sections 3.4 and 3.5 discuss the impact on outdoor thermal comfort and the quantification of the carbon and water footprint of urban greenery, respectively.
Finally, Chapter 4 focusses on the use of greenery under extreme climatic conditions. Section 4.1 reports new studies on the influence of irrigation on the mitigation potential of greenery and the impact of a possible adoption of drought-tolerant vegetation in cities. Section 4.2 analyzes the transformation of the greenery physiological operation and the corresponding cooling mechanisms and Section 4.3 the development of genetically engineered trees able to operate under very high ambient temperatures to face climate change.
Assessing the mitigation potential of urban greenery

Influence of urban green area on air temperature of surrounding built-up area
Cooling by evapotranspiration varies by climate, canopy physical and geometrical properties and season but is typically up to 2-3 °C, sometimes higher (Jonsson 2004; Ellis et al. 2017; Skoulika et al. 2013; Doick et al. 2014; Taha 2015a ). In summer, this mechanism produces generally larger cooling (>2.0 °C) than in winter (<0.5 °C) (Hamada, Ohta 2010; Taha 2015a) . Diurnally, the localized effects differ in magnitude and sign depending on the physical characteristics of the urban green areas relative to those of the surroundings. Urban vegetation has been observed to cool the air more at night than during the day in summer, e.g. up to 3.3 °C versus up to 2.3 °C (Taha et al. 2018) . In other cases, canopies cool the air equally during the day and at night (Sun et al. 2009) or with changing signs between winter and summer, e.g., larger cooling at night in winter but larger cooling during the day in summer (Hamada, Ohta 2010; Taha 2015a) .
Cooling from vegetation is larger if canopies and ground cover are implemented in targeted configurations, e.g., urban parks, rather than spread out over large areas (Taha 2013; Taha et al. 2015) . Such configurations also enable the transport of cool air some meters outside of the green and into surrounding built-up areas (Hamada, Ohta 2010; Takebayashi 2017; Bernard et al. 2018) . Several recent studies have measured the extension of parks' cool temperatures to the surrounding urban zones (Moriyama et al. 1997; Honjo, Takakura 1990 Bowler et al. 2010; Ca et al. 1998; Yu, Hien 2006; Takebayashi 2017; Declet-Barrero et al. 2013; Vanos et al. 2012; Watkins 1999; Watkins et al. 2002; Zoulia et al. 2009) . It is concluded that the cooling influence is extended up to several hundred meters beyond the urban park borders and is determined by the structure and the size of the parks, the watering frequency, the type of plants and the sky obstruction, as well as on the characteristics of the surrounding urban zones, like density, capacity of radiative cooling, generation of anthropogenic heat and finally, from the weather and wind conditions and climatic zone of the area.
Several studies carried out in dense urban areas with high anthropogenic heat concluded that the impact of the parks may be low or even insignificant (Zoulia et al. 2009; Saito et al. 1990 Saito et al. -1991 . On the contrary other studies carried out under favourable wind characteristics and low generation of anthropogenic heat, found that the effect of the parks may be extended up to a distance equal to the length of the urban park or even 1100 m beyond the park boundary (Upmanis et al. 1998; Spronken-Smith 1994) .
The impact of wind on the mitigation potential of urban parks was studied by Moriyama et al. (1997) , who have conducted numerical simulations to examine increases and decreases in air temperature in urban areas adjacent to green areas. They used the following conditions: an inflow upper wind velocity of 2 to 6 m/s at 50 m above the ground, a ground surface temperature difference of 1 to 5 °C between green and urban areas, and a roughness parameter of 0.1 to 1.0 m for green areas and 0.5 to 1.0 m for urban areas. They concluded that the influence of the green space extends to about 150 m from the urban-green boundary.
The potential temperature reduction around urban parks was studied by Bowler et al. (2010) and Ca et al. (1998) . They have carried out field measurements to determine the cooling influence of a park on the surrounding area in the Tama New Town, a city in the west of Tokyo. They found that a 0.6 km 2 park can reduce the air temperature by up to 1.5 °C at noon in a leeward commercial area at distance of 1 km. Takebayashi (2017) has performed extensive measurements at four urban areas in Kobe City. Since sea breezes dominate on summer days in many cities in Japan, air temperature reduction due to advection effects is expected in regions leeward of urban green areas. Takebayashi (2017) also carried out simulation using a numerical model incorporating advection and diffusion, to clarify the characteristics of air temperature rise in an urban area on the leeward side of a green area, as a contribution to the practical planning of urban greening. Calculation results and measurement results for air temperature rise with distance from the green area are compared when an isotropic diffusion model and an incorporated buoyancy model are applied for the vertical diffusion term, as shown in Figure 1 .
From the comparison with the measurement results in Kobe (Takebayashi 2017) as well as in Tokyo (Kato et al. 2006) and Osaka (Moriyama et al. 2001) , it is considered that air temperature does not rise as it enters the part of the urban area beyond more than 50 m from the edge of the green area. The air temperature rise in the urban area near the green area, due to the development of the urban boundary layer, is expressed using the sensible heat flux from the ground surface, the distance from the green area and the wind velocity.
Other cooling considerations include the effects of green roofs and the effects of canopy growth. If implemented at city-scale, green roofs can produce cooling ranging from 0.3 to 3.0 °C on average (Santamouris 2014; Figure 1 . Distance from the green area and the air temperature rise in several urban areas in the daytime Sharma et al. 2016; Georgescu 2015) . On the other hand, the cooling effects of canopy growth alone (e.g. of several hundred thousand urban trees) with no addition of new canopy, can reach up to 1-1.6 °C over a growth period of 10-15 years (Taha et al. 2015; Cao et al. 2015) .
Influence of small urban green areas
In densely built urban environments, small green areas are often considered as cool oases, able to reduce the thermal stress respect to surrounding zones and provide more comfortable conditions. If a wide bibliography about generic urban parks exists, the same does not apply for small green areas. Several studies demonstrated how the park size is a crucial parameter for the mitigation potential and that, in some cases, small parks may behave as heat islands, contrary to the desired effect Chang et al. 2007; Xiao et al. 2018) . Other studies showed that evolution of microclimatic conditions in such areas is much more unstable than in larger green zones and that they may act as heat islands under specific conditions, but the overall cooling potential is not necessarily much lower than that of larger parks (Cao et al. 2010) ; moreover, small parks might also cool the neighboring streets in some conditions (Chang, Li 2014) . Extensive reviews on the effect of small urban green area focused on identifying the relation between cooling potential and most relevant parameters were recently carried out (Venhari et al. 2017; Saaroni et al. 2018) . Well-vegetated courtyard gardens were monitored in Tel Aviv, Israel in 1994 (Shashua-Bar, Hoffman 2004 . Comparing the temperature in the courtyard with respect to a reference station 100 meters away, the average summer temperature difference at 3:00 p.m. was 2.5 °C and 3.3 °C. The same authors (Shashua-Bar, Hoffman 2000) monitored 11 small parks, ranging from 0.05 to 1.1 ha in summer 1996. Average hourly temperature differences between the parks and the surrounding areas ranged between 0.2 °C (6.00 a.m.) to 2.8 °C (3.00 p.m.). No direct dependence on park size was found. Small urban parks and gardens were monitored by ground measurements in the city of Florence, Italy (Bacci et al. 2003) . The analysis was also carried out in terms of comfort and discomfort hours and it was found the conditions in two small areas (0.07 and 0.02 ha) was in the same range as those of larger parks (6.90 and 6.27 ha), with comfort hours of 70-75%. The two small areas registered maximum diurnal air temperature reduction of 1.5 °C and 3 °C, the latter conditions also achieved thanks to the shading effect of high trees and high walls surrounding the area. The monitored temperature reduction was below 1 °C at night, less effective than in larger parks. A detailed analysis was carried out for a 0.60 ha garden with high trees in a densely built neighborhood in Lisbon, Portugal (Oliveira et al. 2011) ; peak temperature reductions of 6.9 °C were measured and the median difference between the garden and the surrounding urban area was 1.6 °C. The study concluded that impacts of the wind velocity and direction as well as the urban geometry are very significant. Another wide-range monitoring experiment was carried out for the city of Taipei, China (Chang et al. 2007) . In total, 61 of 490 city parks were monitored and it was found that in almost all cases, the temperature reduction in small areas was lower than that of larger parks.
A study on a small public area to be used for urban regeneration was carried out for the city of Beirut, Lebanon (Kaloustian et al. 2018) . It was found that a maximum temperature reduction close to 0.5 °C can be achieved in areas of 100 m 2 or smaller. The impact of the sky view factor and wind paths on the cooling potentials of small urban parks was studied in Hong Kong . It was found that the benefits of small treed parks are more substantial for high sky view factors (0.4-0.8). A parametric study about the impact of a small green park replacing a building block in a densely built urban grid in Athens Greece, was carried out by Dimoudi and Nikolopoulou (2003) , the main outcome was a 2-6 °C air temperature reduction around the park; however, the authors state that effective values might be lower, since a heat source (building) was replaced by a heat sink (park) in the implemented thermo-fluid dynamic model.
The cooling potential of urban greenery through ventilation
The fact that cooler air can be advected away from vegetation over significant distances is important in benefiting a larger area and reducing temperaturedependent biogenic and anthropogenic emissions not only in the canopy vicinity but also in the non-vegetated surroundings (Taha 2015b) . Such length scales, or "fetch", for cool-air transport are a function of wind speed (Taha et al. 2018 ) and can be used as a basis for establishing the various heat-island mitigation modeling and implementation levels (Taha 2017) .
The function of green infrastructure in modifying air movement can be conceptualised in terms of regulating ecosystem services (Alcamo 2003) , particularly the services of temperature modification and regulation of wind speed (Deak Sjöman 2016). These ecosystem services help to shape "salutogenic", or health-supporting, urban environments (Declet-Barreto et al. 2013) . However, the interaction between urban greenery and wind may also produce disservices, such as reducing the dispersion of pollutants, trapping heat and obstructing natural ventilation, as well as uncomfortable (hot or cold) winds (Vos et al. 2013; Pitman et al. 2015) , as Oke (1982) explains: "a solution that is geared to one problem may create another".
As previously mentioned, at city (meso) scale (10 4 to 2×10 5 metres (Oke 2002) ) the increased surface roughness consequent on urbanisation limits the capacity of winds to modify surface heat gain (Huang et al. 1990) , although depending on a settlement's size, sufficiently strong winds "can reduce or even completely eliminate the heat island" (Landsberg 1970) . On the other hand, tree planting may amplify surface roughness, further decreasing average wind speeds (Akbari et al. 1989 (Akbari et al. , 2001 Huang et al. 1990 ). Urban wind patterns are complex, and depend on building form and street orientation and geometry as well as the presence or absence of greenery (Erell et al. 2012) . Heisler (1990) highlights the difficulty of differentiating the effects of urban form from those of the urban forest (urban vegetation in aggregate) because of the typically irregular interspersed pattern of trees and buildings; his own field-based research confirms the significant potential of the urban forest to reduce mean wind speeds in suburbs composed of single-family detached housing. The extent to which this wind flow may be modified by vegetation depends on vegetation type, the surrounding urban form and the direction of the wind (Gehrels et al. 2016) . For example, tree canopy cover may retain warm air whereas an open grassed area which offers low resistance to air flow may facilitate convective cooling (Bowler et al. 2010) . Planning and establishing an urban forest for heat island mitigation must therefore be approached systematically to achieve the desired outcomes (Beatty 1989) .
While the physical effects of green infrastructure on air movement are limited compared to the effects of built form geometry at city scale, the interaction between air movement and evapotranspirative cooling can facilitate the spread of lower air temperatures downwind of vegetated "cool islands" such as urban parks (Spronken-Smith, Oke 1998) as noted in Sections 1.1 and 1.2 above. Since the wind direction during heatwaves generally differs from the prevailing direction over most of the year, vegetation on the windward side of built-up areas has the most useful cooling effect during these conditions (Gehrels et al. 2016) .
At the local scale (10 2 to 5×10 4 metres (Oke 2002) ), canyon aspect ratio and street pattern and orientation are the main factors influencing air movement -a gridded layout is ideal for facilitating wind flow throughout the area (Deak Sjöman 2016). Accordingly, to achieve maximum ventilation and cooling, green infrastructure should be positioned in line with the street alignment (Gehrels et al. 2016) , and more generally, tree planning patterns should be designed to enhance wind corridors (Nagashima 1996) .
Local scale is particularly relevant to outdoor thermal comfort. It is pertinent too to note that the conditions which ameliorate human outdoor thermal comfort also improve growing conditions for plants (Clark, Kjelgren 1990) , potentially leading to a "virtuous circle". Thermally acceptable outdoor conditions diverge widely from conditions typically expected in indoor settings (de Dear, Kim 2016) . de Dear and point out that while this discrepancy has usually been rationalised in terms of different comfort expectations, a more thorough explanation is provided by the hypothesis of "alliesthesia", which for example explains "why a meal tastes particularly delicious when we are hungry" (de Dear, Kim 2016) . From this perspective, occupants may accept significantly warmer outdoor environments provided there is some transient cooling from air movement relative to the occupant.
At the microscale (10 -2 to 10 3 metres (Oke 2002 )) pertinent to individual buildings, both the configuration (arrangement) of green infrastructure and the structural properties of individual vegetation species (Deak Sjö-man 2016) become significant. Whether the objective is to block unwelcome hot or cold winds (Heisler, Dewalle 1988) , funnel cooling breezes (Akbari et al. 1992) or deflect wind from one direction to another, the distribution of vegetation (dispersed, clumped, linear, single or multiple rows), its height (shrubs, hedges, small / tall trees), the type and density of foliage and seasonal variation (Bartesaghi Koc et al. 2017) will determine the capacity of green infrastructure to achieve the anticipated outcomes.
The challenge of assessing the mitigation performance of greenery in combination with other technologies
As in any complex problem, urban overheating must be counteracted with multiple strategies and techniques to target all the terms of the urban energy balance leading to heat gains with the domain. The literature is as clear about this need as on the fact that the combination of different mitigation technologies provides a lower contribution than the theoretical sum of the effects of the individual approaches . This occurs as different mitigation technologies are in part complementary and in part overlapping, as they target different terms of the surface energy balance (considering the formulation by Oke (1982) ). Here, we discuss the difference between the theoretical sum of the parts and the actual combined performance, the mechanisms that hinder the development of a constructive synergy, if these can be potentially overcome and the challenges in isolating and measuring the effects. In particular, we focus on urban trees. Santamouris et al. (2017) have considered 220 mitigation projects. The separate use of grass and trees can reduce the peak ambient temperature by 1.2 K and 1.5 K, respectively; while an average increase of the albedo of a given area by 0.2 may lead to a drop of 1.5 K. When greenery and reflective materials are used in the same area the peak reduction is of 2.3 K, thus 0.5-0.7 K less than their sum. Also, different vegetation strategies when combined do not provide a cumulative effect. For instance, the interquartile range of the peak ambient reduction offered by trees is between 0.6 and 3 K, and for grass between 0.2 and 1.2 K, while their combined use leads to a peak reduction between 0.8 and 4 K in 50% of the studies, with a median lower than their separate use . However, to understand the reasons for these differences, it is necessary to distinguish the contributions.
At the present time, the isolation of the effects of different mitigation technologies on the urban climate is particularly challenging and is pursued in two main ways: climate modelling (Mirzaei, Haghighat 2010 ) and diachronic statistical analysis with different land use and land cover (Stewart et al. 2014) , often supported by artificial neural networks or similar approaches. While in principle measurement campaigns could support the quantification of the different contributions, full eddy covariance observations of the surface energy balance of the built environment are seldom performed. Moreover, only a few campaigns included simultaneous measurements at two sites (Kotthaus, Grimmond 2014) , given the cost and difficulty in finding two nearby locations, one including a combination of mitigation technologies and a control one, otherwise identical. A rare and notable example is the campaign conducted by Grimmond et al. (1996) , where they compared side by side two areas in California: one with 30% and the other with 10% tree and shrub cover, during 18 clear sky summer days with low wind speed (<0.5 m s -1 ). Moreover, the two neighbourhoods displayed a different watering profile resulting from the total area to be irrigated, though the watering per unit area was the same.
While the latent heat flux was greater at the site with high vegetation than at the site with limited tree cover, as can be easily predicted, so were the net radiation and sensible heat flux, contrary to the common expectation, with ambient temperatures slightly greater at the site with higher tree cover. The observation of maximum daily temperature at sites with the greatest tree cover has been documented by others too , though with a network of stations. Some of the variability and impact on local temperatures can be ascribed to different species, which can display very diverse differences between tree canopy and ambient temperatures, which for some species is minimal and it is exceeding 4 K in other cases (Meier, Scherer 2012) . Although not originally planned as a study to investigate the performance of urban trees in combination with other mitigation technologies, de facto the study by Grimmond et al. (1996) shows that even a perfectly planned and executed campaign cannot completely isolate the complexity of overlapping mitigation strategies.
Different types of trees and configurations display an extensive range of attenuation of the incoming solar radiation (Monsi, Saeki 2005) . In urban settings, clusters of trees can provide attenuation of the incident solar radiation at ground level of the order of 80%, with a considerable reduction of the sky view factor, even below 10% (de Abreu-Harbich et al. 2015) . The decrease in sky view factor can explain the increase in net radiative balance with tree cover indicated by Grimmond et al. (1996) , which is indicative of a reduced escape of short-and longwave radiation. Therefore, the mitigation potential of cool materials, especially if implementing radiative coolers (Raman et al. 2014) , can be reduced by the presence of trees, which increase the radiative entrapment in the urban canopy layer, while technologies such as retro-reflective surfaces might avoid the problem (Rossi et al. 2014) . Moreover, trees can display a wide range of albedos. The impact of increased tree plantation on the overall albedo of a community has been assessed by Rose and Levinson (2013) with orthophotos and LiDAR in conjunction with a shading algorithm to study the yearly changes. With low albedo trees (0.14) they computed a decrease of the community albedo by 0.07, and a negligible reduction by 0.01 even with high albedo trees (0.20), being the albedo of parking areas and driveways respectively equal to 0.15 and 0.22. These calculations are consistent with the observation of increased net radiation with increased tree cover by Grimmond et al. (1996) . Therefore, we can infer that the mitigation potential of the combined use of trees and cool pavements, with albedo 0.3-0.4 even when aged (Kyriakodis, Santamouris 2017) , would display a reduced mitigation potential due to the decreased albedo of the area, compared with an only cool pavements scenario.
The increased aerodynamic roughness introduced by additional urban trees may reduce the penetration of cool winds. In fact, the representation of the drag coefficient of trees in computational fluid dynamic models has been deeply investigated in the last years, moving from discrete (Mochida, Lun 2008) to bulk approaches (Gülten et al. 2016) , fewer model improvements have been proposed for urban canopy parametrizations, with notable exceptions (Krayenhoff et al. 2015) . Unfortunately, this aspect is still not fully incorporated in the urban tile of land surface models , with the common approach being a bulk increase of aerodynamic roughness or a more detailed partitioning of the fluxes . A finer representation of the aerodynamic roughness of trees in climate models has been proposed and applied only recently (Kent et al. 2017a (Kent et al. , 2017b . Also, in the vertical direction trees reduce the air mixing at the top and within the canyon, which has been studied primarily to understand their impact on urban air quality due to reduced pollutants removal, with the maximum relative reduction of wind speed in low velocity regimes (Buccolieri et al. 2009 ). Wind tunnel measurements in different configurations demonstrate different impacts on the vortex dimensions and air mixing at the top of the canyon, which is in any case reduced by the trees (Gromke 2011) .
The maximum transpiration occurs at the top of the trees, where solar absorption is maximum (Manickathan et al. 2018) . Therefore the spectral radiative balance within the urban canyon has a direct influence on the cooling performance of trees. Also, the evapotranspirative cooling increases downstream of the trees with increasing wind speeds up to a plateau (Dimoudi, Nikolopoulou 2003; Manickathan et al. 2018) . Yu et al. (2018) considered the impact of the boundary conditions on the evapotranspiration in different climate contexts, and they found it to be highly reduced with high ambient humidity and increased with increasing wind speed. This can be a predictor of a reduced combined action of trees together with water sprinkling, which can locally increase the ambient humidity by 20% (at 30 °C) and, naturally, up to saturation conditions in humid climates (Wong, Chong 2010) . A reduction in water fluxes is observed for deciduous trees, due to both the increased humidity and reduced leaf temperature (Kupper et al. 2011) . Moreover, both water misting and vegetation mitigate the urban climate, dissipating heat with water phase change, namely they overlap.
All these aspects have important consequences on the urban energy balance, and they need better representation in climate models. In some cases, the solution is relatively incremental as it concerns the retrieval of appropriate input data, while it does not entail a radical change in the structure of climate models. In some other cases, combined mitigation strategies induce important secondorder effects which are currently not represented in climate models. In addition to the necessary improvement in the representation of the stomatal conductance (Kala et al. 2016) , for instance, urban canopy parametrizations cannot fully describe the latent heat exchanges, as demonstrated by an extensive model intercomparison (Grimmond et al. 2010 . As a consequence, the quantification of the combined mitigation performance of trees with other technologies still cannot be fully understood.
Assessing the mitigation potential of greenery using earth observation
Remotely sensed data from earth observation satellites contribute considerably to urban green monitoring especially given the new and expanding series of satellites which allow the extraction of information on land cover in urban areas at high and very high resolutions (e.g. for multispectral: World View at 1.24 m, GeoEye-1 at 1.84 m, Gaofen-2 at 3.2 m, SkySat-1,-2 at 1.0 m, SPOT-6,-7 at 6 m, Sentinel-2A at 10 m, ASTER at 15 m for VNIR and Landsat-8 at 30 m). In addition, land cover information for urban areas may be also obtained for previous periods from the databases of satellites Quick Bird and IKONOS at 2.62 and 3.28 m spatial resolution (in the multispectral), respectively (Satelite Imaging Corporation 2018). Important information can be also extracted with the use of medium resolution satellites. In particular MODIS on board the Aqua and Terra NASA satellites and AVHRR on board the NOAA series provide satellite imagery at spatial resolutions of 250 m to 1.1 km. Such imagery is useful for an overall view of urban dynamics as these relate to urban green; however, the coarse resolution results in pixels containing different types of land cover, especially in non-homogeneous urban areas, a fact which restricts their use for urban management at a rather strategic level of planning (Qian et al. 2015a; .
In particular, remotely sensed data is used to measure vegetation so as to describe the urban and biophysical attributes of the vegetation itself, to understand the dynamic of greenspaces in urbanized areas (Qian et al. 2015b) , to map urban vegetation cover (Van de Voorde et al. 2008; Dennis et al. 2018; Lang et al. 2018) , to assess the state of urban ecosystems (Ayanu et al. 2012; Yang et al. 2015a Yang et al. , 2015b Maes et al. 2014) , to analyze urban processes and factors related to vegetation, such as land cover change (Brazel et al. 2007) , the thermal environment in urban areas and quality of life (Yuan, Bauer 2007; Yue et al. 2017; Yan et al. 2014; Cartalis et al. 2016; Kim et al. 2016) .
A typical application of remote sensing is the estimation of the Normal Difference Vegetation Index (NDVI) on a pixel by pixel basis with the use of data in the visible and near infrared parts of the spectrum (Grover, Singh 2015) . Values of NDVI for a given pixel always result in a number that ranges from -1 to 1. A pixel without any greenery gives a value close to zero and may well refer to an urbanized area. Negative values refer to pixels with the respective surface covered by water whereas values close to +1 (in the range 0.8-0.9) refer to the highest possible density of green leaves. Healthy vegetation absorbs most of the incident radiation in the visible and reflects a large portion of near-infrared radiation. Unhealthy or sparse vegetation reflects more radiation in the visible and less near-infrared radiation.
From an image processing point of view, a number of methods for measuring vegetation are used: a) the pixel-based supervised classification where each pixel is assigned to one single class; b) the subpixel-based spectral mixture analysis which first takes care of the "unmixing" of the pixel so as to estimate the digital value and consequently the spectral reflectance or emissivity; c) statistical models, such as ordinary least squares and polynomial regression to develop relationships between pixels and the respective ground elements; and d) fuzzy classification, which takes advantage of object based image processing (Wu 2004; Myint 2006; Mathieu et al. 2007; Ban et al. 2010; Myint et al. 2011; Pinho et al. 2012) .
Integrating satellite imagery with land cover data, especially data reflecting urban greenery, contributes to the analysis of the thermal environment in urban areas including surface urban heat islands. Li and de Foy (2012) evidenced that the spatial pattern of green space in urbanized Beijing affects land surface temperature and Peng et al. (2012) verified the key role of vegetation feedbacks in reducing the intensity of surface urban heat islands of large urban areas during the day, in particular during the growing season. Naeem et al. (2018) used Gaofen (GF-1) and Landsat-8 satellite imagery to examine the relationship between green space characteristics and land surface temperature. A number of landscape metrics were used to estimate -with the use of remotely sensed data -the spatial patterns of green spaces, namely the % of landscape, the patch density, the edge density and the landscape shape index. Mavrakou et al. (2018) correlated (thermal) hot and cold spots in the city of Athens with the presence and extent of urban greenery. Furthermore, they estimated intraurban greenery variations which may influence a number of environmental conditions, from urban heat to air quality and energy consumption for cooling.
A critical aspect for the study of the relationship between urban greenery and the thermal environment in cities are the spatial and temporal resolutions of satellite data in thermal infrared. Spatial resolutions vary from 90 to 100 m (ASTER and Landsat-8 respectively) to 1 km (Sentinel-3, MODIS and AVHRR), thus considerably coarser than the respective ones in the visible part of the spectrum (as a matter of fact Landsat resamples the images at spatial resolution of 30 m). In terms of the temporal resolution, ASTER and Landsat have revisit times of 16 days, whereas the respective revisit times for Sentinel-3, MODIS and AVHRR are in the order of 1-2 days. To overcome the problem of the inverse relationship between spatial and temporal resolution of satellite data in the thermal infrared, a number of studies have been concentrating on downscaling to higher spatial resolutions. In this way, 1 km satellite data in the thermal infrared are depicted in such resolutions as 100 m or less, whereas at the same time they retain their high temporal resolution, a fact which allows their use for assessing the role and impact of urban greenery at the city scale and in fine detail (Stathopoulou, Cartalis 2009; Kustas et al. 2003; Merlin et al. 2010; Essa et al. 2013 Essa et al. , 2017 .
A critical aspect, namely the cooling intensity of noncanopied vegetated areas (e.g. parks) can also be estimated with the combined use of remote sensing data in the visible and thermal infrared parts of the spectrum, in view of defining land cover and land surface temperature respectively. Cao et al. (2010) , Ren et al. (2013) , Cartalis (2017) and Du et al. (2017) used satellite data to uncover the relationship between urban park characteristics (presence of urban greenery, size and shape) and park cooling intensity. Ren et al. (2013) used Landsat-5 and SPOT satellite data and Cartalis (2017) Landsat-8 and Sentinel-2 satellite data to show that the cooling intensity is irrelevant to the size of the park, once this exceeds roughly 30 ha. This finding supports, if the amelioration of urban heat is concerned, an urban design approach emphasizing the development of several small parks -appropriately dispersed in the urban web, instead of large parks. Haas and Ban (2018) documented the suitability of Sentinel-2A MSI data for urban land cover mapping and urban ecosystem service analyses. In particular, the Sentinel-2A MSI red band was found effective in distinguishing urban green spaces. Nichol and Lee (2005) showed that vegetation in urban areas can be accurately quantified using automated multispectral remote sensing techniques and that similar accuracy may be obtained with the use of very high resolution images (namely IKONOS) and false color aerial photographs. Furthermore Nichol and Wong (2007) remotely sensed urban vegetation life form by spectral mixture analysis of high-resolution IKONOS satellite images.
A considerable boost to vegetation studies is reflected in the use of active remote sensing. The combined use of Sentinel-1A/1B Synthetic Aperture Radar (SAR) & Sentinel-2A MSI data has proven reliable (overall accuracy of 82.75%) for the definition of urban green structure and changes (Haas, Ban 2017) ; the fusion of Quickbird MS and RADARSAT SAR data (Ban et al. 2010 ) improved classification accuracies regarding urban land cover mapping. Integrating LIDAR data and multispectral imagery (Bork, Su 2007) allows the enhanced classification of vegetation. Overall with the use of LiDAR data it is possible to estimate several vegetation parameters (tree height, cover, vertical stratification).
Particular reference is made to Urban Atlas (2012), an initiative within the framework of the Copernicus program of the European Union. Urban Atlas (2012) provides land use and land cover data for Functional Urban Areas (FUA), a fact which strongly supports urban greenery studies, including change detection and planning. An important asset of these data is that they are provided at the paneuropean level and are comparable. Taken that the presence of canopied vegetation (i.e. trees) influences the state of the thermal environment in urban areas, especially at the street level, it is important to refer to the Street Tree Layer (STL) product. STL is separate layer of Urban Atlas (2012), produced with the use of SPOT 5 high resolution data between the months of March and November. STL provides contiguous rows or patches of trees over artificial surfaces inside FUAs covering 500 m² or more and with a minimum width of 10 meters (Copernicus 2018 ).
Progress on greenery selection, plant configuration and urban morphology
Solar reflective greenery: plant selection and performance assessment
The foliage canopy of a green roof can absorb less solar radiation than a dark roof surface such as concrete or bitumen thanks to its higher solar reflectance, or albedo, r sol , that is the ratio of reflected and incident solar radiation. This ranges from 0 to 1 and can be very low for dark built surfaces or bare soil. Indeed a thermal balance of the foliage canopy such as that in the green roof model FASST (Frankenstein, Koenig 2004) , implemented in the widely use EnergyPlus code (Sailor 2008) , is enough to verify that latent heat effects are generally dominant in greenery: well-watered plants can dissipate significant amounts of solar heat by vaporization of water through the leaf stomata and thus keep low the temperature of leaves, immediately surrounding air and underlying soil substrate. In summer, plants with high stomatal conductance, i.e. the rate at which plants transpire moisture, can reduce heat transfer to the building below much more than succulents such as Sedum, a genotype commonly used for extensive or semi-extensive green roofs in view of its tolerance to dry conditions (Monterusso et al. 2005; Nagase, Dunnett 2010) .
However, accompanying a low stomatal resistance with a high albedo of the foliage canopy can provide the best performance in terms of protection from solar radiation. Yellow-leaved Heuchera with r sol = 0.27 was found to provide significantly better cooling performance than darker purple-leaved Heuchera with r sol = 0.20, similar to that of plants with same albedo but higher stomatal conductance such as Salvia or Stachys byzantina (Vaz Monteiro et al. 2017) . On a canopy of Stachys byzantina, a plant that can often show an ashen color thanks to the presence of a white silky-lanate hair, a relatively high value of r sol = 0.27 was measured during a measurement campaign of the Energy Efficiency Laboratory, University of Modena and Reggio Emilia, whereas a value of r sol = 0.19 was contemporarily measured on a Sedum cano-py. With the same two genotypes, foliage temperatures were measured (Blanusa et al. 2013 ) of 27.8 °C and 28.3 °C for well-watered and under-watered Stachys, compared to 32 °C and almost 35 °C for well-watered and under-watered Sedum, in the same hot day with ambient air temperature and bare dry soil temperatures in excess of 30 °C and 40 °C, respectively -all this thanks to the superior combination of stomatal conductance and albedo of Stachys. In well-watered conditions, the soil temperature measured 5 mm below the surface was 34.2 °C and 37.1 °C for Sedum and bare soil, respectively, but as low as 22.2 °C for Stachys. Generally speaking, plants with more reflective and thus cooler foliage canopy can reduce not only the temperature gradient and the heat flow through the canopy but also the temperature of the surrounding environment, i.e. the contribution to the urban heat island. Moreover, a proper optimization of the albedo may help during heat waves, when plants increase their stomatal resistance, or in cases in which the cost associated with water use can be relevant such as in Schweitzer and Erell (2014) .
Knowledge of albedo and other properties is crucial to accurately model the thermal behavior of a green roof and predict or verify its performance (Peri et al. 2016) , and measurement may be the easiest way to gain such knowledge. In this regard, the albedo of the whole foliage canopy can be measured as the ratio of upward reflected radiation and downward solar radiation, measured by means of a solar radiometer or pyranometer. A standard test method is available in ASTM E1918-16 (2016) , in which reflected and downward radiation are measured simultaneously by two coupled and optimized pyranometers, oppositely oriented (Figure 2) . The albedo of a single leaf can be measured in the laboratory by averaging the reflectivity spectrum over the wavelength range of solar radiation (0.3-2.5 mm), measured continuously by a UV-Vis-NIR spectrometer (ASTM E903-12 2012) or at several wavebands by a solar reflectometer (ASTM C1549-16 2016), in both cases weighted by a reference spectrum of solar radiation. The albedo of the whole foliage canopy can then be calculated from that of a single leaf and other parameters (Frankenstein, Koenig 2004 ; Palomo del Barrio 1998) such as leaf area index (LAI), i.e. the the one-sided leaf area per unit ground surface, however, this seems relatively complex and impractical. Nevertheless, spectral measurements can provide interesting information: for example, a significant spread of the reflectivity spectrum was found (Vaz Monteiro et al. 2017) in the NIR wavelength range (0.7-2.5 mm), not visible to the human eye but comprising more than 50% of solar radiation, for leaves of several genotypes having similar spectrum in the visible range (0.4-0.7 mm) and, therefore, similar color tone. The importance of the albedo is underlined in the "cool-green roof " concept proposed in Pisello et al. (2016) , in which plants that have high albedo but a compact greenery layer are selected as covering vegetation for flat roofs in historical or other contexts where the use of white solar-reflective cool roof coatings is not acceptable. Use of Helichrysum italicum "Curry plant", an aromatic herb with measured leaf albedo as high as 0.44, was calculated to decrease by 98% the number of overheating hours in summer, with a slight beneficial effect also in winter. The choice of plants with cyclic greenery development or pruning at the beginning of the winter season, are also recommended in order to turn the surface from reflecting to absorbing in winter.
Green roof plants exchange heat with the sky above and the ground substrate below by emission of longwave infrared radiation, i.e. thermal radiation at ambient temperature. This is governed by the thermal emissivity of the foliage canopy, e f , which ranges from 0 to 1 or 100%. It is very close to that of single leaves for LAI > 1 (Vaz Monteiro et al. 2017) . In this regard, thermal emissivity is around 0.90-0.95 for non-metallic surfaces such as biological ones and LAI typically ranges between 0.5 and 5.0 (Sailor 2008) . A longwave infrared camera can be used to retrieve the leaf or canopy emissivity in the instrument wavelength range of 8-14 mm, where a large part of ambient-temperature thermal radiation falls (but not the total). More precisely, but also impractically, the broadband emissivity (5-50 mm range) of flat leaves of a few centimeters size can be accurately measured in the laboratory by emissometers based on standard test methods (ASTM C1371-15 2015 EN 15976:2011 EN 15976: 2011 . Nonetheless, for common LAI values, e f is always set close to 0.96 in widely accepted green roof models such as FASST (Frankenstein, Koenig 2004) , with very small chance of discrepancy, and experimental analyses on several plant species yielded similar values of the leaf emissivity (Vaz Monteiro et al. 2017; Pisello et al. 2016) , therefore the measurement and optimization of such property seems of little relevance. It is also worth noting that, on summer nights with clear sky and low-wind conditions, green roof canopies may limit night cooling by longwave radiation heat transfer with the cooler sky, yet this is not an issue if a green roof is mounted on a building with daytime use.
Performance of urban greenery in mitigating urban heat island in high-density cities: plant configuration and urban morphology
It is well known that urban green infrastructure (UGI) is sustainable strategy for urban heat mitigation among other ecosystem services. However, because some trees (and other green infrastructure by extension) do not perform well in urban heat mitigation there is an ongoing campaign for the "right tree (UGI) at the right place" in many cities' greening guidelines (Arbor Day Foundation 2016; Doick, Hutchings 2013; GLTMS 2015) . Thus, landscape professionals and urban designers now seek easy to use guides and tools to implement green infrastructure within the urban landscape. Findings from recent studies (Alexandri, Jones 2008; Morakinyo, Lam 2016; Ng et al. 2012; Norton et al. 2015) found a strong relationship between urban morphological parameters, thermal performance of UGI, and plant structural characteristics indicating the potential of these parameters, e.g. sky-view factor or aspect ratio as a tool for implementing the right green infrastructure in the right place; and also to choose the right plant species especially for the purpose of urban heat mitigation. This factor is crucial for the growth, optimum performance and maintenance of green infrastructures. Several studies (Berardi 2016; Wong et al. 2003b Wong et al. , 2007 ) have shown the potential of green roofs to lower air and radiant temperature up to 1.2 m above the vegetation zone thus improving the thermal environment on the rooftop. Lowered surface temperature indicates reduced heat exchange to indoor spaces, thus lowered cooling energy consumption (La Roche, Berardi 2014; Morakinyo et al. 2017a) . However, parametric tests on the temperature regulation potential of green roofs implemented in a neighbourhood with changing urban morphology (i.e. aspect ratio) have shown a negligible cooling effect at pedestrian level for medium to high density neighbourhoods (Berardi 2016; Morakinyo et al. 2017a; Ng et al. 2012) . This is because the cooler air generated diffused before advection to the pedestrian level due to the high vertical gradient. The reverse was observed for low aspect ratio cases irrespective of the climate classification of the study area, type of green roof (semi or fully extensive or intensive) and other plant characteristics (Morakinyo et al. 2017a; Ng et al. 2012) . This indicates that green roof implementation irrespective of types and scales targeted at urban heat mitigation at pedestrian level in high-density neighbourhoods or cities will yield no desired results. Regarding the choice of efficient plant species and configuration for green roof projects, lists of recommended plants exist for some cities (e.g. National Parks Board 2017); however, plants with key attributes such as high foliage density, large spatial scale and high vegetation height should be prioritized for maximum benefit (Alcazar et al. 2015; Bevilacqua et al. 2015; Morakinyo et al. 2017a; Ng et al. 2012; Santamouris 2014a) .
Vertical greening, also referred to as green wall or facade greening, is likewise helping cities adapt to climate change by reducing air and facade surface temperatures and peak energy demand (Cheng et al. 2010; De Jesus et al. 2017; Kalani et al. 2016) . However, location, placement, and plant configuration determine their effectiveness in terms of surface and air temperature reduction and energy saving. Meanwhile, a recent study (Morakinyo et al. 2017c) has shown how urban morphological characteristics relate to the heat mitigation potential of green wall interventions. In the study, facade greenery of varying façade coverage ratio was implemented in an idealized neighbourhood in Hong Kong with varying urban densities. Results reveal the importance of a higher green facade ratio ahead of orientation for improved urban cooling, as corroborated by other studies where isolated and low coverage facade greening made no significant difference to ambient temperature (Hoelscher et al. 2016; Jänicke et al. 2015; Tan et al. 2014) . However, noticeable temperature regulation and thermal comfort improvement are only found with 80-85% and 30-50% green facade ratio (of the total facade surface area) in medium and high-density neighbourhoods respectively, whereas 100% coverage provides no significant cooling in low density neighbourhoods. As very high green facade coverage is unrealistic, implementation for outdoor heat mitigation is somewhat limited to highdensity urban settings with at least 30% average coverage. Even though nearness to pedestrians often ensures more benefits, innovative placement within a podium height of 20 m could augment for high coverage requisite (Morakinyo et al. 2017c; . Nonetheless, it is important to mention that significant facade surface temperature reduction is realizable irrespective of urban density. In terms of plant selection and configuration, high foliage density and substrate moisture content (depending on prevailing climate) were found to be the most crucial factors in obtaining the optimum thermal effect from plants, while other factors such as radiative properties and plant traits have negligible impact on the urban heat mitigation (Dahanayake et al. 2017; Hoelscher et al. 2016) .
Of all the urban green infrastructures, ground level trees are the most effective for urban heat mitigation. However, due to the variable magnitude of temperature regulation and thermal comfort realizable with different trees species, recent studies are moving past generalization of trees to a species-specific analysis of their thermal benefits and energy saving at building, neighbourhood and city scales (Kong et al. 2017; Morakinyo et al. 2017b; Tan et al. 2017) . To understand the relationship between tree performance and urban density, these studies have compared the cooling benefits of certain tree species in street canyons of variable densities and sky view factor. Their results revealed the performance of trees generally dwindled as urban density increases. This is due to the outweighing impact of building shadow effects over the tree shade. This finding suggests that high density areas are not top priority areas for tree planting targeted at heat mitigation even though greening irrespective of urban density is encouraged. Rather, the priority rating increases with the openness of the sky view or decrease in urban density. Thus, the urban density mapping technique has been recommended and evaluated for the selection of tree species for urban planting (Morakinyo et al. 2017b (Morakinyo et al. , 2018 . Regarding the interplay among tree structural characteristics, urban density and cooling impact, results have likewise shown that foliage density is the major driver of this thermal regulation by trees, as denser trees attenuate more direct solar radiation, lessen more surface and air temperature and transpire more water. Also, small-leafed species are found to be more effective for air cooling through their capacity to regulate crown temperatures than larger-leafed species (Leuzinger et al. 2010) . However, the role of trunk height and total tree height cannot be overemphasized, even as the crown height and width shows a neutral impact on the cooling benefits. Thus, planning recommendations should include the proposition of tall, higher trunk, short crown width, and less dense trees species for high density areas (Sky View Factor, SVF ≤ 0.2) where the shadowing effect is more dominant, while the reverse is proposed for low density and open areas (SVF > 0.2). This proposition is equally efficient for pollutant diffusion in high density settings (Morakinyo, Lam 2015) .
Assessing the impact of urban greenery on energy and well-being
The impact of urban greenery mitigation techniques on the energy consumption of cities
Many studies have shown that on average the cooling potential of urban greenery ranges between 0 and 3.5 °C . This reduction of the ambient air temperature from the large-scale implementation of greenery in the urban environment results in lower cooling energy demand for buildings.
In order to quantify the energy impact of increasing trees and vegetation in the urban environment, the effects on local climate must first be calculated. This is done by the use of mesoscale meteorological models (WRF, CSUMM, MM5 etc.). Based on the calculated results for specific days and the use of appropriate statistical techniques, modified hourly weather data files are developed to account for the mitigated climatic conditions that would prevail in the area after the increase of urban greenery. The energy use and savings for representative building types are then calculated using building energy simulation (BES) programs (Energy Plus, TRNSYS, DOE-2, etc.) and the base case (unmitigated) and modified (mitigated) weather files. City scale energy impacts can then be estimated from the BES results using statistical data. Taha et al. (1996) estimated the impact on ambient air temperature from a large-scale tree-planting program in ten US cities. The results of the mesoscale simulations showed that for all simulated areas, on average, the maximum air temperature reduction due to the additional trees ranged from 1-3 °C with an average value of 1.7 °C. The corresponding HVAC savings for old and new residential and commercial buildings ranged from $0 per year per 100 m 2 of roof area of residential buildings in Philadelphia to $12 per year per 100 m 2 of roof area of old commercial buildings in Los Angeles. As expected, the reported savings are higher for old residential and commercial buildings (as opposed to new constructions) and for hotter climates. Based on the results by Taha et al. (1996 Taha et al. ( , 2000 , Rosenfeld et al. (1998) estimated the potential benefits of 11 million (M) additional trees for the Los Angeles Basin. They found that the 3 °C ambient cooling due to the increase in vegetation results in 35 M $/year in HVAC energy savings and 0.3 GW reduction in peak power for the whole area. Akbari (2000, 2002) have estimated the potential metropolitan-wide benefits of HIR strategies for all air-conditioned residential, office, and retail buildings in five US cities. In terms of indirect energy benefits, urban reforestation with high-reflective pavements and building surfaces are considered and reported together as a combined scenario. The annual metropolitan wide energy savings (electricity savings minus heating penalty) resulting from the ambient cooling due to heat island reduction strategies range between 0.8 M$ for Salt Lake City to 15.6 M$ for Houston. Additionally, peak power avoidance is estimated at 20, 12.8, 106, 218, and 33 MW for Salt Lake City, Baton Rouge, Sacramento, Houston, and Chicago, respectively. It is also reported that savings from the indirect impact of heat island reduction strategies is 15%, 23%, 22%, 18% and 19% of the overall savings for Baton Rouge, Sacramento, Salt Lake City, Chicago and Houston respectively. Akbari and Konopacki (2005) have developed summary tables (sorted by heating and cooling degree days) to estimate the potential of heat island reduction strategies (i.e. solar-reflective roofs, shade trees, reflective pavements, and urban vegetation) to reduce cooling-energy use in three types of buildings (old -pre 1980 and new -1980+, residential, office and retail store buildings) for 240 US cities. The tables provide estimates of savings for both direct effect (reducing heat gain through the building shell) and indirect effect (reducing the ambient air temperature), and they consider the increase in albedo and urban greenery combined for the indirect savings. In residences heated with gas and in climates with cooling-degree-days greater than 1000, the annual electricity savings in pre-1980 stock ranged from 115 to 224 kWh/1000 ft 2 ; for 1980+ stock savings ranged 51-103 kWh/1000 ft 2 . For all building types, the indirect savings accounted for less than 25% of the total savings. As expected, the indirect savings reported in the study would be lower if only urban greenery was taken into consideration. The results of this study have been used for the development of the EPA Mitigation Impact Screening Tool (MIST), a software tool that estimates the impacts of urban heat island mitigation strategies, including increased vegetation, on urban air temperatures, ozone, and energy consumption for a large number of US cities (Sailor, Dietsch 2007) . Using a similar methodology, Akbari and Konopacki (2004) have calculated the effect of heat-island reduction strategies on annual energy savings and peakpower avoidance in the building sector of the Greater Toronto Area. The potential annual indirect electricity savings were estimated at about 35 GWh (23% of the total annual electricity savings) and the peak power avoided due to ambient cooling was estimated to 65 MW, representing 26% of the total peak power avoided. It should be noted that ambient cooling results from the combined increase in vegetation and albedo. Paolini et al. (2018) have developed a variant of the previous methodology. They have used advanced 3D microclimate modeling (ENVI-met) in an effort to quantify the local impacts and energy benefits of different urban heat mitigation scenarios: the increase of greenery, albedo, use of water, misting, and their combination for the Western Sydney area. Eight representative precincts have been selected and modeled. The maximum ambient temperature reduction average for all the modelled precincts is 1.6 °C, when increased greenery is considered. Based on the microclimate modeling results and the use of appropriate statistical techniques, modified hourly weather data files have been developed to account for the mitigated climatic conditions. The energy use and savings for representative residential and commercial buildings were then calculated using BES and appropriate statistical data. The annual cooling load savings for residential and commercial buildings for the whole area of Western Sydney resulting from the application of greenery is estimated to be 1073 GWh. The impact of greenery increases by 12% when combined with water technologies. Following a similar methodology for the City of Darwin, Australia, Santamouris et al. (2018) found that an increase in urban greenery by 30% results in a maximum ambient air temperature reduction of 1.2 °C. Considering the whole residential and commercial building stock of the City of Darwin, the total cooling load savings, on an annual basis, resulting from the application of greenery is estimated to be 88.4 GWh. If greenery is combined with albedo increase and street shading the annual cooling load savings reach 265.2 GWh.
In a different approach, Silva and Fillpot (2018) have used a numerical zero-dimensional energy balance model that replicates the urban characteristic temperature and performed a correlation analysis involving meteorological data and total daily energy (TDE) consumption in the Phoenix, Arizona, USA, metropolitan region to estimate a reduction in power usage if UHI mitigation strategies (increasing the overall (1) emissivity, (2) vegetated area, (3) thermal conductivity, and (4) albedo of the urban environment in a series of increases by 5, 10, 15, and 20%) were implemented. The predicted average annual reduction in Phoenix total daily energy usage ranges from 1553.2 GWh for a 5% increase in vegetation to 1631.7 GWh for a 20% increase.
At the district scale, Morakinyo et al. (2018) have used a validated ENVI-met model to investigate the impacts of increasing greenery coverage ratio (GCR) to 30% in a selected neighbourhood in Hong Kong. They found that compared to the reference case (no trees), the maximum temperature is reduced by 0.5-1.0 °C and cooling energy is decreased by ∼1900-3000 kWh. They also highlight the importance of species-specific analysis as the variations in the estimated benefits correspond to different tree species considered in the study. Castaldo et al. (2018) performed coupled microclimate analyses and dynamic thermal-energy simulation of buildings to assess the effect of microclimate mitigation strategies including increased greenery, on building energy needs at settlement level for an Italian near-Zero Energy residential settlement. The increased greenery scenario results in an average ambient air temperature reduction of 0.22 °C invoking a decrease in cooling energy needs of 4.42 kWh/m 2 /y. Kong et al. (2016) , combining in-situ measurements and 3D ENVI-met microclimate simulations studied the effect of green spaces on the outdoor thermal environment and quantified potential cooling energy savings at Gulou Campus of Nanjing University, China. It was found that removal of green spaces increased mean air temperature by 0.5 °C and the cooling benefits of green spaces in relation to the mean height of buildings on Gulou Campus yielded 5.2 W/m 2 cooling energy, saving totally 1.3×104 kWh during a single daytime hot summer period. Kikegawa et al. (2006) have used a multi-scale model system describing the interaction between building energy use and urban meteorological conditions to estimate the possible impacts of urban heat-island countermeasures (including increase of vegetation) on building energy use during summer in Tokyo. It was found that vegetative fraction increase on the side walls of buildings in residential canopies decreased near-ground summer air temperature by 0.5 °C and results in cooling energy-savings of about 20%.
Non-thermal health benefits of urban greenery
The health benefit of urban greenery has been a key component of landscape architecture theory since the mid19th century (Eisenman 2013) . Early landscape architects sought to increase urban greenery for better ventilation, improved sanitation and healthier indoor conditions. However, as noted by Howard (1898) , urban greenery also contributes to improved physical and mental wellbeing, particularly in dense urban settings, that despite their crowded conditions, are rife with social isolation. He conjectured that brighter dwellings and more open spaces with greenery should have a calming influence and even improve societal cohesion. The possibility that urban greenery and green infrastructure have positive effects (direct and indirect) on human health has been confirmed by three decades of psychology and ecology research exploring the relationship between nature contact and human wellbeing (Tzoulas et al. 2007) .
Late in the 20th century, researchers from landscape architecture, urban climatology and public health disciplines returned to these ideas with new methods and approaches to analyze the impact urban greenery has on human health. New research continues to point to faster recovery time in hospitals (Frumkin 2003) . For example, in a comparative study of 46 patients recovering from similar hospital procedures, Ulrich (1984) found average recovery times of 7.96 days for patients whose recovery rooms faced a small grove of trees beside the hospital and 8.70 days for those whose recovery rooms faced brick walls.
In addition to the physical recovery of patients, research points to the generally healthier lifestyles of those with more green access (Takano et al. 2002; Tanaka et al. 1996; Tzoulas et al. 2007) . In a review of green infrastructure (GI) as it pertains to the urban ecosystem and human health, Tzoulas et al. (2007) document the connections between GI and improved well-being for humans and ecosystems. Takano et al. (2002) found that many senior citizens (2211 of 3144) in Japan lived longer when living near walkable green space (p < 0.05). Tanaka et al. (1996) found an inflection point (60% land use classified as urban) in general health levels (mortality rate, coping attitudes and self-perceived health status) in Tokyo based on urban density. These studies continue to point to qualitative health benefits of urban greenery and GI.
In a broad analysis of GI in urban planning documents in Sweden, Sandström (2002) saw GI as a multi-purpose component of the urban fabric, and just as important to urban function and vitality as road infrastructure. This perspective elevates GI as an integral component of the urban form. Nevertheless, additional research is needed to quantitatively evaluate the role of these environmental factors across the spectrum of human health outcomes.
Mental well-being, especially within urban populations, is a concern among public health researchers (March et al. 2008; Vassos et al. 2016 ) and urban greenery has been found to improve a variety of psychological conditions in the urban population (Barton, Pretty 2010; Kuo, Sullivan 2001; Ulrich et al. 1991) . R. Kaplan and S. Kaplan (1989) used empirical research (similar to Ulrich (1984) ) as a foundation for their claim of the psychological importance of nature. Many prior studies point to the reduction in anxiety and stress due to time spent in green spaces. For example, Ulrich et al. (1991) found that after experiencing stress, subjects who viewed nature exhibited a quicker recovery (measured by p < 0.05 for pulse transit time, electrocardiogram, skin conductance, and muscle tension) than those exposed to common urban environmental scenes (vehicle or pedestrian traffic). Kuo and Sullivan (2001) found that both aggression and violence were connected to lack of green space and green infrastructure via mental fatigue. This was confirmed by student t tests that determined greenness was related to positive mood and lower stress. Using these metrics, Kuo and Sullivan (2001) isolated greenness as a factor in reducing aggression in public housing districts of Chicago. Barton and Pretty (2010) found through meta-analysis of 10 studies that just 5 to 10 minutes of exercise (walking, cycling, horse-riding, farming, gardening, or sailing) in a green space led to improved mood and self-esteem across all demographics. Independent of age, gender, and existence of prior mental health concerns, exercise significantly improved mood and self-esteem. This effect (even over a very short time scale), was found to be greatest in environments where water and urban greenery were present. It is important to note that none of the 10 studies used a control exercise group; therefore, there may be some confounding factors associated with exercise itself. Urban greenery may also have links to cognitive function.
Despite the likely health benefits of urban greenery, there is a possible adverse unintended consequence. Specifically, the provision of green infrastructure may result in ecological gentrification that comes with such improvements to local urban environments. Ecological gentrification is the phenomenon of gentrification that occurs as a result of increases in green infrastructure and space (Dooling 2009; Wolch et al. 2014) . Specifically, as green infrastructure is introduced to a neighborhood, the resulting improvement in eco-services and corresponding increase in neighborhood popularity can result in increases in housing prices, driving out lower income populations who may benefit the most from increased green infrastructure.
Although causal pathways and relationships are still unclear and the impacts are not fully quantifiable, the past three decades have provided a growing body of work that points to the non-thermal benefits of urban greenery and green infrastructure for almost all aspects of human health. The benefits encompass both the physiological and psychological realms of human health: from improved physical health and recovery to higher selfesteem, decreased anxiety, and reduced intensity of mental disorders. These non-thermal benefits of urban greenery and GI are not always easy to measure; but the impact on human well-being cannot be denied and must be considered whenever discussing the implementation of greenery in the urban fabric.
Greenery, emissions, and air-quality
The net effects of urban greening on local microclimate, emissions, and air quality result from multiple competing physical and chemical processes that are highly sitespecific and that can produce both positive (beneficial) and negative impacts. Thus, while generalizations are impossible, it is informative to consider the orders of magnitude involved in some of these processes, such as the various cooling mechanisms and air-quality impact pathways of urban greenery.
In terms of air quality, two relevant considerations are: (1) use of urban greening to improve air quality, and (2) use the changes in air quality as indicators to or constraints on the amount of cooling targeted. The goal of the latter is to prevent or minimize negative impacts (Taha 2013) . The net air-quality effects for ozone are beneficial if low-emitting species are used in urban greening, i.e. those emitting less than 2 μg g -1 h -1 of isoprene (per dry leaf mass) and less than 1 μg g -1 h -1 of monoterpenes (Taha 1996 (Taha , 2008a (Taha , 2015b . Typical net reductions in daytime peak ozone are up 2-3 ppbv and the 8-hour average peak ozone concentrations are reduced by 1-2% (Taha et al. 2015; Nowak et al. 2000) . In addition to the cooling effects, shading from urban greening, e.g. on parking lots, also has beneficial air-quality impacts. For example, Scott et al. (1999) found that if canopy cover over parking lots in Sacramento County, CA, is increased from 8% to 50%, it would reduce county-wide reactive organic gases (ROG) evaporative emissions by 0.85 t day -1 (~2%) and NOx start emissions by 1 t day -1 (~1%). The reductions in ground-level ozone resulting from these various pathways, in turn, can help reduce radiative forcing locally, which has been found to be 0.017 W m -2 for each 1 ppbv change in ozone (Taha, Sailor 2010 ). This feedback effect can cool the air further.
Another urban greening strategy, replacing businessas-usual tree species in urban areas with a low-emitting mix (with no increase in canopy cover) can reduce peak ozone concentrations in the order of 0.5-3 ppbv and the 8-hour concentrations by up to 2% (Taha et al. 2015) .
In terms of particulate matter (PM), trees and ground cover can remove up to ~10 g m -2 yr -1 , with evergreen species being about 15-20% more efficient than deciduous species (Nowak et al. 2006; Marando et al. 2016) . The efficacy of trees in removing PM 10 falls within the range of 2-7% of the locally-emitted PM 10 (Selmi et al. 2016; Baumgardner et al. 2012; Speak et al. 2012) . Green roofs can remove 2-8 g m -2 yr -1 of PM 10 , up to 2 g m -2 yr -1 of NO 2 , and up to 7 g m -2 yr -1 of O 3 (Jayasooriya et al. 2017; Currie, Bass 2008; Yang et al. 2008; Rowe 2011) . Calculations suggest that the localized reductions in particulate matter via scavenging by urban vegetation may be larger than the potential increases in concentrations resulting from reductions in mixing because of the cooling effect. The efficacy of urban greening in removing gaseous and particulate pollutants can be enhanced further by geometry, such as in urban canyons (Pugh et al. 2012) . In relatively more open areas, e.g. around larger roadways, the localized effects of urban trees on gaseous pollutants are generally small or negligible but their ability to reduce particulate matter is still relatively significant (Yli-Pelkonen et al. 2017) .
To estimate net effects, the benefits from urban greening must be weighed against the potential negative impacts of (1) higher biogenic volatile organic compound (BVOC) emissions and (2) reductions in mixing or venting. These aspects are highly site-specific and must be determined locally prior to implementing any large-scale greening measures, some general thoughts are discussed here.
The overwhelming majority of BVOC emissions consists of isoprene (C 5 H 8 ) and monoterpenes (C 10 H 16 ), depending on temperature and, in the case of isoprene, on sunlight as well (Harrison et al. 2013; Guenther et al. 1993; Guenther, Wiedinmyer 2004; Taha et al. 2015; Taha 1996) . The worst tree emitters could inject as much as 40 μg g -1 hr -1 of isoprene and as much as 4 μg g -1 hr -1 of monoterpenes under standard conditions (28 °C and 1000 μE m -2 s -1 ) (Ghirardo et al. 2016; Scott, Benjamin 2003; Benjamin, Winer 1998) . Compare this with the rates of low emitters discussed above. Introducing moderate amounts of low-emitting species in an area like the Los Angeles region can reduce population exceedance exposure to ozone above the 1-hour NAAQS (120 ppbv) from 18% (base) to 16% and with a larger implementation of low emitters, exposure is reduced further to 14% (Taha 2013 (Taha , 1996 Taha et al. 2015) . However, when introducing moderate amounts of medium emitters (emitting on average 4 μg g -1 h -1 of isoprene and 2 μg g -1 h -1 of monoterpenes), exceedance exposure can increase to 27%. This highlights the importance of carefully selecting tree species when implementing urban greening measure (i.e. in this case, the changes in air quality should be used as constraint on the amount of cooling to be achieved).
In terms of mixing and venting, as the urban surface is cooled (past a certain threshold) via widespread urban greening, the depth of the boundary layer is reduced (Taha 2007 (Taha , 2008a (Taha , 2008b (Taha , 2013 (Taha , 2015b and the production and dissipation of turbulent kinetic energy are locally altered by the presence of vegetation in the urban boundary layer (Gromke, Blocken 2014; Taha 2008b) . For example, the decrease in boundary-layer depth because of city-wide implementation of tree canopies and green roofs can range from 100 to 500 m (Taha 2015a; Sharma et al. 2016 ) out of a boundary layer depth that is typically up to 3-4 km in summer afternoons. However, there appear to be cityspecific thresholds for cooling at which the impacts of temperature reduction far outweigh the impacts of reduced vertical and/or horizontal mixing (Taha 2007 (Taha , 2008a (Taha , 2013 . Such area-specific thresholds should be identified on a case-by-case basis, and used as a target for the amount of cooling to be achieved from urban greening measures.
In summary, one major purpose of urban greening is to achieve cooling, especially during hotter weather and excessive heat events. However, the higher temperatures and sunlight during such conditions can also increase BVOC emissions, negatively impacting air quality and negating some or all of the greening benefits that were sought in the first place. Thus, to maximize the positive effects of urban afforestation while minimizing inadvertent air-quality impacts, three aspects must be considered: (1) planting of low-emitting species (Taha et al. 2015; McPherson et al. 2000 McPherson et al. , 2018 TreePeople 2017) , (2) implementing urban greening in tandem with other anthropogenic-emission control measures (Churkina et al. 2017 ) not just as standalone measures, and (3) observing the area-specific thresholds for cooling (Taha 2005 (Taha , 2007 (Taha , 2008a (Taha , 2013 . Holistic site-specific multi-dimensional modeling and observations of the impacts of urban greening, as well as integrated approaches, are needed to account for all possible interactions and outcomes and maximize the benefits sought after. Some such thinking in this direction already is underway (e.g. Taha 2017; Taha et al. 2018; Zhang et al. 2017; Reeve et al. 2015; Jim 2013; Jennings et al. 2016 among others) . Thus far, most studies demonstrate that there is great potential for urban greening to improve microclimate and air quality if all of the various site-specific physical and chemical processes are factored in during the design of mitigation measures.
The role of greenery in outdoor thermal comfort with varying heat stress
The evapotranspiration role of greenery is compromised during extreme hot events and in dry conditions or, even worse, it can be perceived as a non-pleasant contribution to increase relative-humidity related heat stress in the tropical context. Special microclimate conditions in any outdoor environment are known to be responsible for dominant effects modifying the human body energy balance (Gulyás et al. 2006) . In this view, a recent review paper by Potchter et al. (2018) was elaborated with the purpose to clarify the massive literature about this open issue and the authors highlighted about 165 human thermal indices frequently used to clarify citizens' perceptions in the outdoors, while only 4 of these (PET, PMV, UTCI, SET*) were more frequently used for outdoor thermal perception studies. In this panorama, the investigation of greenery potential benefits and their variability in dense urban areas due to peculiar conditions (urban heat island and heat waves, etc.) becomes a crucial issue to be addressed, and it needs a careful analysis also by considering the comfort model selection and its assumptions, since it may be responsible for different interpretation of the same environmental conditions. This is even truer if we also consider human personally-driven perception drivers while comparing between various impervious surfaces (cool or dark ones). In fact, people survey-based studies demonstrated how pedestrians typically express much better thermal and visual perception in greener environments, even if measured physical parameters affecting their body energy balance are the same (or even worse) as other conditions (Rosso et al. 2016) . Despite that, as stated in this review, greenery's role in mitigating the urban heat island phenomenon at mesoscale and improving citizens' wellbeing at microscale has been widely acknowledged and demonstrated by a variety of modelling and experimental field studies all around the world, where their evapotranspiration and shading contributions are investigated (Perini, Magliocco 2014; Besir, Cuce 2018) . Kosaka et al. (2018) investigated, for instance, possible overheating risks occurring during Tokyo city marathon which will take place in 2020 by means of the COMFA model, able to connect environmental variables such as temperature, humidity, wind and radiation with personal factors consisting of metabolic rate and clothing insulation level to estimate thermal comfort and potential heat stress. With this aim, they equipped test cars and bicycles with meteorological sensors and traced such parameters along the running path. Although these measurements may be of some help for such specific conditions (city marathon run circuits), they are not representative of the most common conditions of people walking over dedicated sidewalks, much closer to buildings and affected, at the same time, by street traffic and impervious surfaces' radiation. Therefore, dedicated wearable systems were developed with the purpose to monitor the pedestrian level microclimate parameters directly interacting with the human body and suitable for more reliable energy budget calculation (Nakayoshi et al. 2014; Pigliautile, Pisello 2018) . In fact, deep personal heat stress analysis at individual scale has been demonstrated to be driven by measurable and nonmeasurable parameters and indexes coming from multidisciplinary fields of investigation such as behavioural sciences, people's susceptibility, medical conditions and environmental comfort outcomes. All these components may be assessed by means of dedicated monitors, surveys, personal interviews, and ethnographic, social and health approaches helping the identification of urban overheating exposure risks. In any case, the classic approach of fixed measurement points and only environmental based correlation lacks fine-scale precision, much needed to mitigate health risks related to urban heat exposure (Kuras et al. 2017) .
Urban greenery, as previously mentioned, being able to produce a double benefit due to evapotranspiration and local shading, but, at the same time, being also an "alive" strategy, has to be carefully evaluated since its effect may be related to particular meteorological conditions (1) and the greenery maintenance regime and configuration itself (2). The former condition is mostly related to super dry or/and super wet conditions, being responsible for evapotranspiration performance. The latter condition affects greenery morphology and therefore, its potential shading contribution. Both these variables may hugely compromise urban greenery mitigation effects at both local and mesoscale, in terms of pedestrians' thermal comfort in particular. Given the typical high expectation rate associated with greenery benefits perceived by citizens, the variability of these two conditions may be crucial for determining its reliability during particularly hot times of the day or, even worse, super dry or super wet heat waves. These peculiar circumstances, the frequency of which is rapidly increasing over recent decades and also interacting with UHI phenomenon (Ghobadi et al. 2018; Ward et al. 2016 ) may therefore exacerbate human risks imputable to overheating. In fact, while perception-based studies state that greenery and access to it from a visual and physical perspective are the key drivers toward better urban health and wellbeing (Jackson 2003) , its passive cooling contribution may be largely compromised, if we see the same issue from a more physicalbased approach (Ward et al. 2016) . Gill et al. (2007) indeed demonstrated how green infrastructures may produce, as expected, thermal stress reduction in general urban conditions but, in case of severe drought, such benefit is significantly reduced due to the lack of water supply to the vegetation, responsible for its transpiration capability. Additionally, the effect of greenery as mitigation strategy is even more complex to identify, given its dependency on morphology and space distribution in urban areas.
Green roof life cycle with varying heat stress
In the actual context of climate change and mitigation and adaptation needs, it is important to study viable solutions which match changing boundary conditions, assessing their long-term effectiveness and sustainability. Environmental and economic analysis by Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) were adopted to assess the effectiveness of green roofs as mitigation technology. From the environmental and economic point of view, green roofs as an urban mitigation measure are generally sustainable. As discussed in the previous sections, the benefits are obtained in terms of energy savings, stormwater runoff management and air quality (reduction of pollutants and urban overheating) (Belussi, Barozzi 2015), but need a high initial investment. In general, in terms of LCA the supporting structure of green roofs has the highest impact; by this, several researchers proposed the development of structures made of industrial waste materials and industrial sub-products (Manso et al. 2018) .
However, for greenery, a standard procedure for LCA assessment has not been adopted yet. For example different terms of life phases are adopted; hence a homogeneous comparison is quite difficult (Belussi, Barozzi 2015) . Furthermore, as a matter of fact, none of the papers in the literature considers the effect that non-predictable heat waves, temporary events, UHI and the reduction of water availability have on the maintenance, the replacement, the energy consumption and the lifetime of greenery solutions. These phenomena, already existing and probably likely to worsen in the future, affect several aspects and can cause huge variations in terms of initial costs, maintenance costs, lifetime, sustainability and effectiveness of greenery solutions. The first aspect is related to the greenery design and the selection of natural species. This choice is already very challenging and mostly depends on the type of green roof-intensive, semi-intensive or extensive -, species availability and the local microclimate conditions. The types of greenery differ for the species and number of plants, the thickness of the substrate and the maintenance and watering needs (Manso et al. 2018; FLL 2008) . The species availability, sizes, health, maintenance and adaptability to the local climate must also be considered. For example, in the mild climate of the Czech Republic (Central Europe) (Vacek et al. 2017 ) ground covers, small herbaceous plants, grasses or small shrubs were selected as suitable species for semi-green roofs because they need moderate maintenance and occasional irrigation during long periods without precipitation. In a dry climate like that of South Australia (Razzaghmanesha et al. 2014) , instead, the selection of native species was influenced by the highly variable rainfall patterns and the uniqueness of vegetation that caused a very high initial cost of installation. Thus, the selection of native species is already critical where the microclimatic conditions are extreme. It is very likely that if the climatic variations, the heat stress and the non-predictability of mid-to-long-term urban climate were considered, the greenery design would become more complex even in apparently milder climates, where drought and heat tolerant species could be also required (Savi et al. 2016) .
The expected service life of greenery solutions is another aspect affected by extreme heat events. The service life is in general considered as 20 years (e.g. for green roofs), based on the materials' technical specifications and recommendations provided by the producers. After 20 years it is assumed that full renovation and the replacement of most layers are required. However, any renovation in general is hard to predict since the need of renovation depends on many variables, such as local climate and the quality of the materials. Such estimates were omitted in the mentioned studies because "they would unnecessarily increase the uncertainty of the assessment's results" (Vacek et al. 2017) . Further uncertainties in the expected service life would be introduced by heat stress. In addition, taking into account that high substrate temperature represents a stress factor affecting plant survival more than drought per se; it becomes even more difficult to estimate the expected service life in heat stress conditions (Savi et al. 2016) .
At the same time, the need to protect greenery from early deterioration due to heat stress and climatic variations seems to conflict with one of the main targets in green roof research of reducing substrate depth, to limit installation weight and costs (Cao et al. 2014) . According to Savi et al. (2016) this might lead to even more extreme temperatures in the substrate and plants death during heat waves events or caused by UHI.
Using greenery under extreme climatic conditions
The influence of urban irrigation and adopting drought-tolerant vegetation on urban climate
Urban irrigation is essential for many species of vegetation to grow and survive (Clark, Kjelgren 1990) . Irrigation also adds anthropogenic moisture to the atmosphere and soil, influencing the hydrological cycle and surface energy balance, and causing changes in urban air temperatures. Irrigation has been simulated to increase latent heat fluxes and significantly reduce daytime near-surface air temperature in Southern California (Vahmani, Hogue 2015; Coleman et al. 2010) , while Georgescu et al. (2011) found trivial influence of irrigation on temperatures in Phoenix, Arizona. Broadbent et al. (2018) investigated the climate effects of irrigation with different amounts of water consumption, and suggested that timing, location, and volume of irrigation should be optimized for urban cooling.
Cities without sufficient water supply are promoting the adoption of drought-tolerant vegetation as a way to reduce irrigation water use while maintaining city "greenness". For example, Californian cities have been experiencing severe drought (Mao et al. 2015) and therefore have provided rebates for residents to transform lawns to drought-tolerant plants that require less water. Vahmani and Ban-Weiss (2016) for the first time simulated the climate impacts of adopting drought-tolerant vegetation using a regional climate model. Replacing lawns with drought-tolerant shrubs was found to increase daytime near-surface air temperatures by up to 1.9 °C and decrease night time near-surface air temperatures by 3.2 °C during summer in Southern California. The night time cooling was mainly attributed to reductions in irrigation water, which led to decreased soil moisture; as the soils became drier, the soil heat conductivity decreased, reducing upward ground heat flux from the soil to the land surface. The daytime warming was attributed to (a) decreases in irrigation that led to reductions in evaporative cooling and latent heat fluxes, and (b) increases in leaf stomatal resistance that reduced evapotranspiration. In another scenario where all urban vegetation (i.e. both lawns and trees) was transformed to drought-tolerant shrubs, nearsurface air temperatures were simulated to decrease during both day (-0.2 °C) and night (-3.1 °C). Changing trees to shrubs led to daytime cooling because decreases in surface roughness length led to increases in the onshore sea breeze. The cooling from reductions in roughness length outweighed the warming influence of reductions in evaporative cooling from converting lawns and trees to shrubs that require no irrigation. Yang and Wang (2017) simulated the climate impacts of replacing all vegetation in Phoenix with shrubs and found that irrigation water use could be reduced by 0.77±0.05×10 8 m 3 , leading to increases in daily average near-surface air temperature by 1.2 °C in summer. Vahmani and Ban-Weiss (2016) , Yang and Wang (2017) suggest that strategies for reducing irrigation that alter urban vegetation cover can result in significant atmospheric feedbacks that should be considered in city planning.
On the mitigation potential of greenery during extreme ambient temperature conditions
The frequency and the duration of heat waves and extreme summer weather conditions have been increasing constantly during the last twenty years (Yao et al. 2013) , and are expected to further intensify in the near future (Cowan et al. 2014) . Heat waves have a synergetic effect with the urban heat island resulting in a further increase of the ambient temperature in cities (Founta, Santamouris 2017) , while extreme temperature synoptic conditions are usually associated with drought and a decline of precipitation (Stéfanon et al. 2014) . Several studies have shown that during heat waves the cooling potential of trees may be reduced significantly (Lu et al. 2012; Skoulika et al. 2013) and their mitigation capacity and potential may be seriously limited.
Excessive ambient heat occurring during heat waves affects transpiration and the other physiological processes of plants resulting in a considerable reduction of the latent heat released to the atmosphere. Heat stress and the respiration rate of plants depend on the magnitude of the ambient temperature, duration of the exposure, humidity of the soil and the specific resistance of plants to high temperatures and drought (Teskey et al. 2015) . When excessive ambient temperatures are combined with drought, it may cause closure of the stomates, senescence of leaves, increase of their surface temperature above the ambient temperature, disturbances to the plants' water and nutrient transport systems and may trigger mortality of the trees (Teskey et al. 2015; Allen et al. 2010; Haldimann et al. 2008; Zweifel et al. 2006) . Higher leaf temperatures increase the sensible heat released to the atmosphere and result in higher ambient temperatures. Stomates are tiny pores on plant leaves with a variable aperture used by the plants to regulate gas exchange and transpiration. Stomatal conductance measures the extent of stomatal opening, which controls the exchange of CO 2 and water vapor between leaf and atmosphere.
Plants can fix part of the thermal damage caused during heat waves through several mechanisms such as the production of heat shock proteins (Colombo, Timmer 1992) , increase of the reflectivity of leaves to absorb less solar radiation (Ehleringer, Mooney 1978; Curtis et al. 2012) , while they can also adjust their physiological processes, physiological acclimatization, to respond to long term changes of the ambient temperature (Reich et al. 2016) .
Watering of plants during heat waves is of high importance. Extreme temperature conditions increase the evaporation from the soil and reduce its moisture content. In parallel, this translates into hot draughts that can cause increased transpiration from the plants. Thus, under high atmospheric and soil dryness, trees require high levels of hydration to avoid a failure of their transport systems (Anderegg et al. 2012) . Watering of the plants during extreme heat and drought is essential to keep the physiological processes of trees at acceptable levels. Several experiments (Bauweraerts et al. 2013) have shown that during heat waves seedlings in low soil water conditions have significantly reduced their transpiration levels compared to the period prior to the heat wave, while in well-watered seedlings transpiration was not affected. Experiments carried out in Australia during heat waves have shown that well irrigated vines maintained their sap flow at high levels and even increased sap flow during the hottest days. On the contrary, the sap flow of the non-irrigated plants was reduced to about 50% compared to the irrigated plants. Higher sap flow is associated with a much higher transpiration rate and cooling potential of the plants (Forster, Eglefield 2018) .
It is believed that during heat waves, most plants close stomates to limit the loss of water resulting in reduced transpiration and ambient cooling. However, the response of different species to extreme heat varies significantly, and even under very high ambient temperature conditions, the stomates of several species remain open while transpirational cooling is still effective to minimize the heat stress of the leaves and to cool the stems by heat convection caused by the moving water in the stems (Ameye et al. 2012; Kolb, Robberecht 1996) . Very little is known about the tree species that employ transpirational cooling to hydrate and protect their leaves. Classical theory describing the physiology of plants relate stomatal conductance to the photosynthetic rate and the vapor pressure deficit (Ball et al. 1987; Leuning 1995; Medlyn et al. 2011) . Under very high temperatures, above 40 °C, stomatal conductance and photosynthetic rate may decrease substantially and thus it is expected that the transpiration rate should also decrease or minimize. However, as previously mentioned, several experiments performed under heat wave conditions using small well watered pot plants have shown that stomatal conductance, photosynthetic rate and transpiration may be decoupled, and the transpiration rate may be significant provided that the hydraulic system of the plants is functioning and there is enough water in the soil to be transferred to the leaves (Ameye et al. 2012; von Caemmerer, Evans 2015; Rogers et al. 2017; Urban et al. 2017) . Other experiments performed under simulated heat wave conditions using mature Eucalyptus plants, have shown also that trees were able to maintain a high transpiration and cooling potential even under very high ambient temperatures (Drake et al. 2018) . High transpiration rates during heat waves result in important cooling of the ambient air by the plants and a significant mitigation potential of greenery.
Based on existing observations, a new model to predict stomatal conductance has been proposed by Lin et al. (2015) . The model assumes that the stomates are regulated to maximize photosynthesis minus the carbon cost of transpiration. The proposed stomatal conductance model has been incorporated into an earth system model (Kala et al. 2016) , to calculate the temperature amplitude of heat waves in Western Europe and Asia. It was found that when the updated stomatal conductance of plants is used, and it is not as previously considered that plants with the same photosynthetic characteristics employ similar water use strategies, then the maximum air temperature may increase substantially, up to 5 °C on top of the temperature increase caused by the rise of the atmospheric carbon dioxide. The study has not identified any change in the frequency of the heat waves. The predictions of the study considerably exceed previous predictions by other similar studies aiming to evaluate the cooling impact of greenery during heat waves (Lorenz et al. 2013; Stéfanon et al. 2012) . According to these studies, a decrease of the soil moisture by 25% during the 2003 heat wave in Europe could result in a maximum increase in ambient temperature of up to 2 °C. The results of these specific studies demonstrate how important it is to improve our knowledge of the physiological processes of plants during extreme ambient temperature conditions, while revealing the extreme importance of greenery and its impact on social economic, environmental and energy issues under the current and future climatic conditions. Several experiments have been performed to characterize the sensitivity of several families of trees to extreme heat and drought and provide guidance on the type of trees to be used under the future climatic conditions. It is reported (Bigras 2000) , that plants with superior height efficiency are more sensitive to extreme heat and stress than families of plants with a lower rate of height growth. Also, faster growing trees originating from fertile and humid areas are less efficient in water management and use, compared to plants growing in areas with reduced resources (Monclus et al. 2009; Pita et al. 2005) . In parallel, plants with a deep rooting system can collect water from deep in the soil profile and present a high transpiration rate even when the moisture of the soil is reduced. However, shallow rooting plants may not be capable to collect water from deep underground and keep a high transpiration rate and mitigation potential during heat waves (Drake et al. 2018) . Selection of trees for mitigation purposes should consider all the above criteria of tolerance of extreme temperature and drought.
Genetically engineered trees to face climate change of 21 st century
Genotypic variation in response to extreme future climatic conditions should be further investigated to increase growth in tree species and increase trees resilience under the future abiotic and biotic stresses due to climate change. Abiotic stress for trees involves drought, salinity, heat and cold conditions while biotic stress involves insects and disease that may also occur due to climate differentiation.
Temperature is one of the dominant parameters for trees' development and endurance. Even if we study the same tree genotypes, temperature creates differences (Teskey et al. 2015) . There are tree genotypes from warmer areas that grow faster than their genotypes from cooler areas. For example, Savva et al. (2007) studied the impact of climate change as well as seed transfer of 21 provenances of jack pine showing that the radial growth of the jack pine populations is mainly related to temperature at the seed origin. Bigras (2000) studied the damage of 12 openpollinated families of white spruce (Picea glauca) that differ in growth performance by exposing them to a 30-min heat treatment of 42 °C, 44 °C, 46 °C, 48 °C or 50 °C with or without heat preconditioning at 38 °C for 5 h. Damage was evaluated based on chlorophyll fluorescence and on visible damage during and after the heat treatments. The study showed that tree families with superior height-growth performance had low photochemical efficiencies in the light after heat treatment. What was noticeable is that heat preconditioning reduced the heat stress related damage. There are more studies showing that white spruce (Picea glauca) and black spruce (Picea mariana) seedlings exhibit reduced heat injury after heat preconditioning (Koppenaal et al. 1991) .
Therefore, in the context of extreme heat and drought conditions, trees' increased thermotolerance is a desirable attribute and can be used as a means of assessing trees' plasticity to conditions that might arise during global warming (Colombo et al. 1995; Guha et al. 2018; Koppenaal et al. 1991) .
In this framework, research is performed to breed future desirable traits with increased tolerance in abiotic stresses and especially thermotolerance (Bigras 2000; Koppenaal et al. 1991; Wahid et al. 2007 ). Thermotolerance of trees requires a thorough understanding of physiological responses of plants to high temperature, mechanisms of heat tolerance and identification of possible strategies The process can be done either with traditional breeding methods or with genetic engineering.
Producing with traditional methods a cultivar with increased heat stress tolerance depends on several plant physiological parameters and mechanisms, such as amendments to essential processes, e.g. photosynthesis and concomitant increases of transcripts coding for proteins involved in protection (Bita, Gerats 2013) . In many cases, a heat-tolerant variety is characterized by higher photosynthetic rates, increased membrane thermostability and heat avoidance such as leaf rolling, early maturation, change of leaf orientation, etc. Moreover the breeding of desirable thermotolerance in trees using traditional methods is very slow and with a lot of complications (Wahid et al. 2007 ):
1. It is quite difficult to identify genetic resources with heat tolerance attributes. In many species, limited genetic variations exist within the cultivated species necessitating identification and use of wild accessions. 2. Heat tolerance has to be distinct from growth potential. In this sense, trees may perform better in heat tolerance regardless of the growing conditions. 3. Breeding for stress tolerance; often it is necessary that the derived species are able to perform well under both stress and non-stress conditions. Development of such genotypes may hide inherent difficulties. 4. It is necessary to identify which stages of the trees' life cycle are the most vulnerable to heat stress avoiding severe damage. Nevertheless, there are works showing that heat tolerant cultivars have been developed using traditional breeding protocols. Examples can be drawn from food plantation and cultivation (Cairns et al. 2013) .
Genetic engineering for trees can be an alternative in providing fast improvement in thermotolerance and drought tolerance. Nowadays genetic engineering has advanced to the point at which genes for desirable traits can now be introduced and expressed efficiently (Harfouche et al. 2011) . Examples of desirable traits involve stress tolerance (biotic and abiotic), improved wood properties, root formation, etc.
Concerning abiotic stress, molecular control of plants' response is complex. It usually involves coordinated expression of several genes either that are involved in signalling and regulatory pathways or that encode proteins conferring stress tolerance or enzymes present in pathways leading to the synthesis of functional and structural metabolites.
The use of known abiotic-stress-associated genes from other species to enhance tolerance in trees has been limited (Vinocur, Altman 2005) . However, recent studies in genomics, transcriptomics and proteomics in several tree species and the draft Eucalyptus grandis genomic sequence release, have provided new tools for improving abiotic stress tolerance in trees (Harfouche et al. 2011) .
A substantial and durable increase in the thermotolerance of hybrid poplar (Populus tremula × Populus alba) is reported by Merino et al. (2014) . This is achieved by overexpression of a major small heat shock protein (sHSP). The baseline levels of the transgene product were up to 1.8% of total leaf protein. Protein analysis shows that this accumulation is not matched either by endogenous sHSPs in both heat-stressed poplar plants and field-grown adult trees.
In addition, quantitative trait locus (QTL) mapping has recently become the method of choice to identify specific chromosome segments that contain candidate genes for heat tolerance (Bita, Gerats 2013) . The key benefit of QTLbased approaches is that they allow loci that are linked to heat tolerance to be identified. The identification of markers linked to QTLs enables breeding of stress-tolerant crops by combining or pyramiding QTLs for tolerance to various stresses. Several QTL studies relating to various abiotic stress tolerances have already been reported especially in food industry. QTL mapping studies for heat tolerance have been conducted on various rice populations at flowering stages (Ye et al. 2012) . Multiple loci for heat tolerance have been identified in wheat (Paliwal et al. 2012) . Concerning trees E. urophylla has been used in breeding programmes for its resistance to drought and diseases and these results suggest that it might also provide useful germplasm for heat resistance. Moreover in Populus simonii, a heat-resistant species with wide distribution in China, 35 microsatellite markers have been identified that could be useful in marker-assisted breeding of stressresistant germplasm.
These results reinforce the feasibility of improving valuable genotypes for forestry where long breeding cycles and other practical factors constrain traditional breeding protocols. More studies though are needed to allow the observation of effects over longer periods and conditions that closely mimic the life span of greenery and plantations. Additionally, cycles of stress and stress recovery are also prevalent processes that influence the trees' life span. Thus, the degree of recovery from stress, which also has its molecular basis, is as relevant as the response to stress.
Another critical point is the rules and methodologies that should be followed to allow the genetically engineered trees to be commercially available. Policy and social stakeholders will most likely demand a reassurance and methodologies for mitigating the risk of transgene spread and persistence in the environment (Ye et al. 2011) . Transgene confinement can be achieved by developing genetically engineered trees that do not produce functional flowers using various strategies. Therefore, genetically engineering trees that are reproductively sterile may help alleviate public and regulatory concerns.
Assessment aspects related to mitigating effect of vegetation in Green building rating tools (GBRTs)
Green building rating tools (GBRTs) are established to provide simultaneous and comprehensive means of assessing a broad range of environmental considerations in building sectors (Haapio, Viitaniemi 2008) . To name a few mainstream GBRTs, there are LEED (USA), BREEAM (UK), Green Star (Australia and New Zealand), and those in the Asian context such as CASBEE (Japan), BEAM Plus (Hong Kong), and Green Mark (Singapore). In recent versions, GBRTs have shifted the focus from buildings alone to neighborhood scale (Ameen et al. 2015; Berardi 2013; Hamedani, Huber 2012) . GBRTs assess the mitigating effect of urban greenery on cities at the practical level, and the performance of vegetation is evaluated through its relationship with buildings, the development site and the neighborhood. In GBRTs, the recognized and highlighted benefits of green infrastructure include improving thermal performance of building facades and microclimate around buildings, mitigating heat islands and adapting to climate change, and enhancing the comfort and well-being of building users and the general public (Huo et al. 2018; Hui 2010) .
Greenery is assessed in various aspects and by different methods in GBRTs. The quantity of the vegetation on site is the main aspect being evaluated in term of the mitigating effect on heat islands. To obtain credits in the rating systems, minimum percentages in vegetated areas within the site boundary or on buildings (green walls and roofs, podiums, sky gardens, etc.) need to be achieved. Meanwhile, studies (Berndtsson 2010; Chen 2013; Shahidan et al. 2012) have pointed out that the quantity of vegetation is not the only factor related to mitigation performance. Tree configuration and planting pattern have also shown profound influence on microclimate and thermal conditions (Feldhake 2001; Morakinyo, Lam 2016; Kong et al. 2017) . Total leaf area (LAI) of the greenery on site, tree crown diameter, width of shaded pedestrian route, as well as building setback for street trees and maximum planting intervals are also key indices being evaluated or specified in BEAM Plus and Green Mark. Moreover, studies have also emphasized the importance of the selection of species and proper maintenance on the mitigation performance (Solecki et al. 2005; Mbow et al. 2014; Wong et al. 2003a Wong et al. , 2003b . The value of native and other suitable species in enhancing climate resilience and ecological function has been highlighted in GBRTs (BEAM Plus, CASBEE, LEED, BREEAM, etc.). LEED suggests appropriate planting and maintenance methods to sustain the mitigation efficiency of vegetation on site.
Several GBRTs, such as LEED and BEAM plus, adopt a prescriptive-based method and give out direct instruction on greenery provision and maintenance. Such prescriptive-based approaches may limit options and margins in practice (Wedding, Crawford-Brown 2007) . On the other hand, principles and strategies, instead of concrete actions, are provided in performance-based GBRTs like BREEAM and Green Mark. Documentary evidence (microclimatic simulation/study report of greenery on site, site photographs of tree planting) is required in BREEAM and Green Mark for evaluating performance and confirming compliance. Furthermore, performance-based assessment systems urge the designers to pay attention to the synergic effects as well as potential conflicts between different environmental aspects, for example the function and benefit of greenery across multi-scales (Shashua-Bar et al. 2009 ).
One of the anticipated roles of GBRTs is to stimulate action and good practices at different stages of planning and design (Todd et al. 2001) . With clearly defined scope, GBRTs encourage design teams to communicate with clients or stakeholders on project aims and environmental considerations at an early stage (LEED, Green Mark), and produce assessment reports on site aspects, environmental issues and impact of development. Guidance notes for the design and as-built stages are provided in GBRTs, for example the green infrastructure plan and landscape design, proposed tree species and calculated LAI value should be prepared during the design stage for assessment. At the as-built stage, site photographs of design specification, as-built drawings with delivery orders of the plants, recalculated LAI of greenery over total site area, etc., are required as documentary evidence for verification (BREEAM, Green Mark). To manage realistic situations in development, exclusions or compensation measures for sites with constraints are also specified in GBRTs (BEAM Plus, BREEAM). References such as existing guidelines and regulations, scientific reports and documents are attached to offer additional support for designers (BEAM Plus). Furthermore, in terms of scales, GBRTs address policy across a range of planning levels from strategic planning, master planning, to town planning (Green Star).
GBRTs have applicably incorporated scientific understanding into design guidance and enormously contributed to furthering the promotion of sustainable practice in the real world (Cole 2005) . Several possibilities can be postulated for way forwards in the future.
Firstly, the regionalization of GBRTs and climate-specific responses. Many rating systems such as LEED and CASBEE were developed for national or even international application and regional variations in environmental concerns has been overlooked (Cole 1998) . Local climate is an essential factor in the evaluation of mitigation performance of urban greenery Ng et al. 2012) . GBRTs catered for a specific region or climate type, such as BEAM Plus (Hong Kong) and Green Mark (Singapore), emphasize the application of climatic responsive strategies, including vertical greenery on east and west facades in the (sub)tropics, shading of trees in hot-humid climates, species-based assessment for climatic adaptation.
Secondly, the contextualization of GBRTs and practical consideration in urban environments. Prior research has shown that the cooling effect of urban greenery is largely affected by building geometry (Morakinyo et al. 2017a (Morakinyo et al. , 2017b (Morakinyo et al. , 2017c . To optimize thermal benefits, planting strategies should consider the co-existing effect of buildings and urban morphology . From a practical perspective, planning and design would need to overcome constraints on greenspace provision in cities (Jim 2002) . GBRTs should encourage innovative design that maximizes greening potential in urban areas, for example green facade and sky garden in a compact urban setting.
Thirdly, user-based consideration in GBRTs. Human factors, including the physiological, psychological, and social aspects should be taken into account in the sustainable design process (Zuo, Zhao 2014; Santos Nouri et al. 2018) . For further refinement, it is suggested the planning and design of urban greenery be assessed not just in terms of cooling outcome and environmental effect, but also the contribution to pedestrian comfort, place making and social provision.
Finally, but maybe most importantly, the harmonization and coordination between GBRTs and local planning guidelines and building regulation systems. To realize sustainable action in daily practice, GBRTs and the science and principles behind them should not be fancy add-ons or extra credit points, but the essential part of industry standards (Ding 2008; Ng 2009 ).
Conclusions and further research
Urban greenery is a natural solution to cool cities and provide comfort, clean air and significant social, health and economic benefits. Modern research on the cooling capacity of urban greenery has mainly followed following more an empirical approach. Researchers employing conventional experimental processes have identified the local cooling caused by the various urban greenery configurations ranging from simple trees to urban parks. The serious variability with the climatic conditions, urban configuration and structural greenery characteristics, between the numerous experiments reported in the literature, offers rich but quite fragmented knowledge and information. The recent development of computational fluid dynamic tools able to estimate the meso and microclimatic conditions in cities made possible the evaluation of the mitigation potential of urban greenery, and offered an important tool to planners, designers, and urban climatologists. It is well recognised that the green infrastructure offers optimum thermal benefits only when deployed in the right place, determined by the urban density or morphological average of the installation sites, after the selection of the right plant species. However, the serious restrictions regarding the algorithms used to evaluate the time-varying evapotranspiration of trees and vegetation, the grid dependant performance and the fuzziness on the climatic boundary conditions, limit the accuracy of the existing tools and may be the source of important errors. Development of more accurate climatic models is of primary importance for the future.
Large or even small-scale urban mitigation projects involve the combined use of several mitigation technologies. Although climate models can estimate the combined cooling effect, their performance in assessing overlapping mitigation strategies is unknown and untested, lacking benchmarks for this purpose. Moreover, there is not enough knowledge on the response of vegetation and other mitigation to all possible boundary conditions, including stress periods of different length. Additionally, climatic complexity induces important second-order effects which are currently not represented in climate models. As a result, the prediction of the combined mitigation efficiency may suffer from important inaccuracies while it is almost impossible for the model users and the urban designers to parameterize the performance, optimise the corresponding sizing of the greenery mitigation subsystems and propose more efficient combinations of the technologies. The latter is a serious defect, as recent experimental research has shown that different combinations may either reduce the efficacy of each system and the corresponding combined performance, or they may instead enhance their individual performance and multiply the combined cooling efficiency. This is the case between interactive ventilative and evapotranspirative cooling urban systems that may work synergistically and adapt their combined thermal result to the specific climatic needs. Although knowledge on the topic has considerably increased, mainly on the interaction of small-scale greenery and ventilative systems, scientific insight and experimental evidence has to be further developed and implemented at the city scale.
Advanced remote sensing monitoring techniques are now able to describe the urban and biophysical attributes of the vegetation itself. They help to explore and understand the dynamic of greenspaces in cities and map in detail the urban green ecosystems, assessing their state. Moreover they support the investigation of urban processes and parameters related to vegetation, such as land cover change, the thermal environment in urban areas and quality of life. Such powerful monotoning tools permit a global knowledge of the status of greenery in cities and allow public administrations to avoid damage and maintain greenery at high operational status. Nonetheless, remote sensing techniques are not yet ready to provide information on the evapotranspiration of urban trees and the corresponding cooling provided by vegetation. This is a major research challenge and task for the future.
Very important knowledge has been developed to assess the energy, health and environmental impact of greenery at the city scale. While most studies refer to the impact of vegetation on individual buildings, important modelling studies have evaluated the influence of vegetation on the global energy consumption of a precinct or a city. Depending on the features of the urban cluster and vegetative species and climatic conditions, greenery seems to deliver energy savings exceeding 35%. However, most of the studies are not validated because of the very limited number of real case studies and the important effort necessary to perform the assessments. Future research should concentrate on the collection and provision of experimental and precise information at the precinct and city scale to better document the energy savings impact of urban vegetation.
It is widely accepted that urban greenery provides very significant health benefits. Non-thermal health ben-efits are well documented, and more evidence and knowledge is constantly gained. However, increased urban temperatures induced by the local and global climate change increase tremendously the heat-related mortality and morbidity and this seems to be the peak scientific challenge of the near future. Several recent simulation studies have provided evidence that additional urban greenery may reduce substantially the heat-related mortality and morbidity. Although studies are based on the best estimates of the cooling potential of greenery and recent epidemiological studies, further research validating the findings is necessary.
Climate change causes a serious increase of the ambient temperature combined with extended drought periods. High ambient temperatures and lack of water affects the physiological system of the trees and may reduce substantially their cooling capacity. Recent research has concentrated on the mechanisms of the physiological change and the selection of species able to resist to the climate change. The role of irrigation is widely explored, and it is generally accepted that it is the key factor affecting the transpiration of plants. The development of genetically modified vegetation to operate under much higher ambient temperatures seems to be a very promising perspective. It is sure that research on the issue of vegetation adaptation will be intensified and important new developments and achievements can be expected. 
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